This manuscript presents the vortex flow structure over non-slender delta wing with leading edge sweep angle, Λ=45°. A comprehensive investigation has been conducted in wind tunnel at Reynolds number ranging from, Re = 247,000 -445,000. Seven-hole pressure probe measurements for axial vorticity, axial velocity, vortex trajectory and pressure variations are presented at various chordwise stations and angles of incidences. It was demonstrated that weak leading edge vortices are generated very close to the wing surface with strong shear layer which move upward and outboard with apex flap deflection. Reattachment line move towards wing root chord with the increase in angle of attack. Passive apex flap has been used to control the leading edge vortices and to delay the vortex breakdown. It is recognized that vortex breakdown was delayed by 8% by downward apex flap deflection.
Introduction
Delta wing has been a focal point due to its unique behavior of forming leading edge vortices over leeward side. Slender delta wings (Λ > 55°) are frequently used and popular due to their increased maneuverability, delayed vortex breakdown and their ability to perform better at higher angle of attacks (α) [1, 2] . In addition the flow phenomenon is better defined for slender delta wing than non-slender (Λ ≤ 55°) the latter gained importance for being used in unmanned air vehicles (UAV) and micro air vehicles (MAV) [3] . Literature shows that lower sweep delta wings are sensitive to Reynolds number at Re < 30,000 due to considerable viscous effects, unlike slender delta wings which are accepted insensitive to the same flow phenomenon [4, 5] . This can be due to skewed shape and reattachment of leading edge vortices with wing surface. This closeness causes a strong interaction between leading edge vortices and boundary layer resulting in earlier vortex breakdown, lower stall angle and smaller values of aerodynamic load coefficients [2, 3, 6] .
Non-slender delta wings perform better at lower angles of attack due to formation of leading edge vortices at lower incidences. This is the reason that non-slender delta wings have higher lift coefficient than slender delta wings at the same angle of attack [7] . However the important problem is to control the leading edge vortices over the wing surface. By doing this vortex breakdown can be delayed to higher angles of attack and higher values of lift coefficient (C L ) can be obtained. To address this issue, various geometrical and flow alterations (flaps, plates, suction and blowing etc.) have been deployed to control leading edge vortices to improve the performances.
Although there has been interest shown in non-slender delta wings but still the vortex structure over the wing is unclear and needs to be addressed. The main purpose of this current work is to investigate the behavior of leading edge vortices over non-slender delta wings with 45° leading edge sweep. The emphasis is to see the effect of Reynolds number on vortex breakdown and flow characteristics and then to control this by using apex flap. An attempt is made using two experimental models baseline static model and an apex flap model. The apex flap was given static deflection of values up to (β = ±10°) in addition to passive wing pitching. The comparison was made with computational and experimental studies [3, [8] [9] [10] [11] . The results obtained showed significant delay in vortex breakdown as reported [8] , changes in vortex trajectory, size and flow characteristics when compared with baseline model results.
Experimental Setup
The flow field experiments were performed in Joseph Armand Bombardier wind tunnel, located in Experimental Aerodynamics Laboratory of the Department of Mechanical Engineering at McGill University. The total length of wind tunnel is 19m with contraction zone, test section and diffuser section being 3.3m, 2.7m and 9.1m respectively. The rectangular test section dimensions are 0.9m x 1.2m x 2.7m. This open loop wind tunnel has 9.05 to 1 contraction ratio (wind tunnel inlet area to test section area) allowing it to have a turbulence intensity of 0.03% at 35m/s. The wind tunnel can achieve a unit length Reynolds number of 3.2 x 10 6 /m. Experiments were performed using non-slender delta wings with leading edge sweep, Λ = 45°. All the edges on windward sides of both models were beveled at an angle of 15°, as show in Fig. 1 . This was done to ensure proper formation of leading edge vortices. Both models were made up of aluminum 6061 having span length, b = 30 inches and chord length, c = 15 inches resulting in an aspect ratio (AR = b 2 /s; s = wing area) of 4:1. The thickness, t = 3/16 inches made thickness to chord ratio t/c = 1.25%. Free stream velocity was varied from U ∞ = 10 -18m/s, varying Reynolds number from 247,000 -445,000. Delta wing models were connected to a rectangular plate, 4 inches x 6 inches using countersunk screws. The plate was also connected to wing support and passive pitching mechanism. Strut mounting was used to support the models from the wind tunnel base. Apex flap model was statically deflected although it had the capability to be deflected actively. The hinge line of apex flap was at 28% of root chord. Seven-hole pressure probe was used to obtain time average flow measurements. The probe acceptance angle was 70° which reduced the ineffective area quite significantly. The seven-hole pressure probe was mounted on 2-axis traverse system with Sanyo Denki model 103-718-0140 stepper motor to move in y-direction and Bionode model 2013MK2031 stepper motor for z-direction. The system was run by NI PCI-7344 4-axis motion controller operated through LabVIEW [12] . The three dimensional velocity vectors were calculated from the pressure differences at the probe tip using Wenger and Devenport method [13] . Each tap is connected to pressure transducer, Honeywell DC002NDR5, through 1.6mm diameter and 500mm long tygon tubes [12] . Signal conditioning was custom-built system consisting of seven-channel analogue signal differential amplifier with an external DC offset of 3.5V which provided a fixed gain of 5:1. Over the calibration range, the transducers were highly linear within 2% and approximately had a resolution of 125 Pa/V [12] . This output was fed into data acquisition system programmed in LabVIEW. The measurement uncertainty of vortex breakdown location was estimated to be approximately 1% of root chord length.
Results and Discussion
In this section the results obtained over baseline and apex flap models are presented. It can be immediately observed from Fig. 2 that flow characteristics are independent of Reynolds number as all the curves collapse on each other. Lower sweep delta wings were found sensitive to lower Reynolds number (Re < 30,000), where viscous effects are stronger compared to slender delta wings. The leading edge vortices formed over non-slender delta wings have loosely bound structure at higher Reynolds number suggesting their shapes to be insensitive to Reynolds number. In addition vortices formed are closer to wing surface allowing interaction with boundary layer flow [4, 6] . The loosely bound structure can be due to reattachment of vortices to wing surface and not allowing enough space for the flow to properly roll up and form coherent structure as in slender delta wings. Hence vortex breakdown location has uncertainty over non-slender delta wings as reported in literature [3] . Fig. 2 (a) and 2(b) show chordwise distribution of non-dimensionalized axial vorticity and velocity, both are normalized by axial velocity with chord and axial velocity respectively. A sharp decreasing trend is observed up to vortex breakdown location, i.e. x/c≈0.55 at α=10° and then reaching an asymptote aft of vortex breakdown. This could be justified by the vortex trajectory movement and pressure loss variation. A value of u max >1.3U ∞ was observed at x/c=0.5 and α=10° which agrees well that reported in literature [9] . Fig. 2(c) shows spanwise trajectory of minimum cross flow location, since all curves collapsed on each other suggesting insensitivity to Reynolds number. The angle θ was found constant to be 35° irrespective of Reynolds number which is in compliance with reported literature [14] . Fig. 3(a-c) shows chordwise distribution of non-dimensionalized axial vorticity and velocity, at Re=247,000 and α=10° with different apex flap deflections (β). Lower incidences are obtained with negative or downward deflection of apex flap, resulting decrease in adverse pressure gradient and hence delaying vortex breakdown. Since the effective angle of attack has decreased so does the size of vortex. The upward movement of vortex allows flow to roll and an increase in vorticity value is observed. The delay in vortex breakdown is found to be as much as 8% compared to baseline model. The upward deflection promoted the vortex breakdown due to increase in adverse pressure gradient and frontal area. An interesting feature can be observed downstream of breakdown where a sharp increase in both axial vorticity and velocity is appearing in Fig 3(a) and 3(b) . This is perhaps due to the reformation of diffuse vortex into relatively loose bound vortex. Fig. 3(c) shows outboard and inboard movement of vortex axis with flap deflection. This can be due to the change in effective angle of attack and adverse pressure gradient. Time averaged measurements were obtained using seven-hole pressure probe in the cross-flow plane. This was done at every 1% chordwise stations in the vicinity of vortex breakdown location at given incidence. Fig. 5 (a-c) show axial vorticity contours at Re=247,000, x/c=0.4 and α=10° with different apex flap deflections. It is evident that the leading edge vortices moved both upward and outboard indicating more slender delta wing behavior. A small region of reversed flow was observed in the close proximity of wing surface. This can be due to large lateral velocity component increasing the flow angle more than probe acceptance angle. It demonstrates the similar behavior which has been reported in different numerical and experimental studies over non-slender delta wings [3, 10, 11, 15] . In present study an attempt is made to draw the vortex breakdown curve for Λ=45° non-slender delta wing and also to use apex flap as vortex breakdown controlling technique.
